
1995 National ‘Rdmical  Meeting
January 18-20, 199s

SESS1ON: SPACN APl}l JCATIONS
January 20, 199s

Dr. Stephen M. I.icht.en
Mr. Nonald J. Nhwllerschoen
Mr. Jeffrey M. Srinivasan
Dr. Ulf J. I.ind(]wist.er
Mr. Timothy Munson
I)ro Sien-Cl&ng Wu
Dr. Ilruce J. Haines
Mr. Joseph 1{. Guinn
Dr. I.awxme K Young

(All at Jet ]’repulsion Laboratory, California Institute of ‘J’whnology)

F : :z...__ . . . .._AN AIJ’lWMArlllD  1.OW-12AI{~~R=l~)~~.RMINATION
3SYS 11~.M WITH HIGH ACCURACY’ ltIIA1.-rrIM12 CAI’AIIII.IT}7

NOTE: Rcprocluction of this document  without prior approval of the ION and the
autlt or(s) listed above is strictly proltibitd.  Reproduction of this paper nta~’ be
found in the publication of the “1995 National Technical Meeting proceedings”
to be in circulation in Mm-cJt 199.5.



.

lIIOGI{AI)IIIIX

1)1-.  .Vcl)hcn M. I,ich/ctl  rtxc.iwd an A.]). degree  from
}Iarvard Univct-sily  in astrophysics in 1978 and a l%.]).
from the Calif’rmia  lnsti!ulc  of Technology in 1983 (in
astt opbysics),  joi nit]g the .lct l’repulsion 1,aboratory (JP1.)
also in 1983. l’rcscnt]y  hc is C1mup Supervisor of tllc
liar[h Orbiter Systmns Group ancf a manager in the NASA
1 kcp Space Net ww k Advanced I’ccbnology l’rogt-am,  klis
work has cmphasid  G1’S grouncl  and space applications.

Mr. Rotl[[[d J. h41(cllctschortI  rccci vcct a B.S. de.p,t  m
in physics at Rcnsscl:tcr l’oly!cchnic  ]nstitutc and a M.S.
dcgrcc in applied math at the Univclsity  of Sout}]crn
California. As a member of the technical staff ill the
liarth Orbiter Systems Group at j]’].,  hc has concenttatd
On the dcvcloptncnt  of e f f i c i en t  filtcritlg/st]loottl  irlg
soflwarc for ptoccssinp,  G1’S data and the processing, of
l’C)l’l lX/l’c)sciCloll-[  il’S data.

Mr. J(f/tcy M. Srin iva.wti rccci vcd an A .li. dcgmc it)
1 inp,inccri ng and Applic.d Scicnccs from Harvard College
in 1983 and an M.S. in lilcctrical  l{ngincering f r o m
University of %uthcrn  California in 1988. }Ic joined the
technical staff’ al J1’1 ~ in 19tH.  IIc is currently a Technical
[iroup I ,cadcr and a led hardware/suflware engineer for
the I’urbol<og,uc G1’S rcccivcr. llc is cum.ntly  a(iapting
the ac(iuisition algorithms an(i systcm software of the
I’u[iwl<ogue  for various GI’S  ami non-Gl’S applications.

Dt. U/fJ. /.i/rdqwis/er rcccivc(i a Ph. 11. in cicmcntary
particic i>hysics from l’rinccton LJnivcrsity  in 1988, when
hr joined J]’].. IIc is presently Group  Supervisor of the
GI’S Network anti operations Group. IIis work has
f(wused on gco(ict ic GI’S appl i cat ions, cie.velopinp, itl -
rcccivcr  autonomous capabiiitics,  operation of NASA’s
stations in Ihe international G1’S Scrvicc  (I CIS), an(i
dcvcioping  tcci)ni(iucs  for st u(iy of the 1 ;arth’s ionosphere

Mt. 7“ittio(lly h!tttlson has been a member of tlw
technicai  staff at J]’], since 1984. He is responsible for the
opcrat ion of tile ‘1’01’1  iX/J’osci(iun  GI’S flight recci vcr.

f~t-. ,$icn-C/jo~jg Wu rcccivc(i  his 11. S. Ii.l;.  from tile
Nationai “1’aiwan lJnivcrsity,  ‘1’:iipci,  ‘1’aiwan, an t i  h i s
l’h.]>. from the LJnivcrsity  of Waterloo, Ontat io, Cana(ia.
}Ic is currcntiy a ‘] ’cci]nicai  ~iroup ] .cadcr  in the ]larth
Orbiter Systems Group at J1’1,.  IIc has bc.cn invo]vcci with
ti~c cicvciopmcnt  of tracking systems for cfecp-space as
wcii as near-] larih simcc vchicics,  and their applications 10
precision gcmicsy.  his current interest is in tile area of
prccisc  orbit dctmnination  using G] ’S.

I)t. BtiIce }I(ii)tes rcccivcci his  1%.1).  in Acrospacc
1 in.ginccring Sciences  f’ton)  the lJnivcrsit y of Coiorado  in
1991,  after which hc joined the l;arth Orbiter Systems
Groul, at J]’],. }Ic is a’ member of the “1’[)1’liX/1’osci(iol]”
Joint Verification and ]’recision [)rbit I>ctcrl]]i]]:lti{)ll
I“cami, and spcciaii~cs  in prccisc  orbit and gco(ietic
anaiym using G1’S and in {)cc:{l][)gt:i~>t]ic  applicatio[ls  of
satciiile altimetry.

h4t. Joseph Rolwti (;~(it~tr attended tim lJni vcrsi(y of
‘1’ex:is at Austin and obtained 11S and h4S (icgrces  in
Aerospace lh]ginccrin~,, As a member of the tcci~nica]
staff at Jl>l., hc is wot kin~ on tracking an(i navigation of
planetary an(i liar(i] orbiting, spacecraft, inciuding
precision orbit (ictcrtnination an(i trajectory analysis fol
tile ‘f’(  )1’1 \X/Poseidon ocean toimgrapily cxperin  mnl.

Dt lx/wte\lcc Y[mt/g ]wcivc(i i]is l’il,l). in Nucicar
Pbysi(s from tile Sta[c University of Ncw York at Stony
IIroo] in  1975,  an(i i~as worke(i at J}’], s ince 1978.
Currently Gmui) Supervisor of ti]e. GI’S  Systems (iroup,
his rc~carch  inciu(im cievelopmcnt of higil precision ra(iio
intcrf{mmctric  tracking tcchni(iues, tlatlosec{)]~(i-ic~;c.l
clock synchronization witil both VI,]]]  an(i G1’S, cimign
an(i cit. vcloi>nlcnt of sevcrai high precision GIIS  receivers,
and v;iriou.s scientific (il’S applications, IIc has initiattxi
work on custom (iaAs  chip (iesign to cnabic imiwove(i
raciio]]lctric  pcrfm  mancc, an(i has workmi witil systcm
stuciics aimc(i towar(i  imim)ving the performance of
spacct. rafl ran:ing  systems.

ARS’J’RACT

G1’S-basc(i  tracking  is increasingly becoming tile
tlackillg system of choice for Iow-]kirth orhitcrs  (1 .IK)s).
With ilight G1’S instt umentation,  1,10 tracking an(i orbit
cie.tcrtninatioll  futlctions  c:in bc highiy automatc(i.
Au[olllation  in the tiacking an(i navigation process offers
potcnlial  to simi>iify c u r r e n t  procc(iures  an(i l o w e r
opcrationa} costs. Si:, tlificant a(ivanlages  in performance
are aiso possible witil G1’S-baseci  tcchni(iucs.

A wide range of configurations for G1’S-baseci 1,1X)
ttackil]g wili bc prcscnte(i  in ti]is paper .  ‘1’racking an(i
navig:{tion accuracies range from hun(ircxis  of meters for
tbc silnpie,st  approactms,  to i O cm for the most ciaborate.
~’hc simpicst  consists of a minimai  GI’S flight instrument
re(iuit ing only a fraction of a watl imwcr an(i a fcw
huncfrcxi  grams mass. IIc.t(cr pcrforn]:ince  can be aci~icvc(i
witil a more conventional (H’S ~light receiver. l;or the best
aCCU1’ilCy, ciata ftoltl :,to LInci G1’S  t r a c k e r s  c a n  be
combi ne(i wit II the f] igi~t (iata. 1 ivcn  wi)e.n groun(i  ciata arc
incorlorateci, tim wtmle process can bc higi]ly  automatcxi
an(i a(con]plishc(i  in ]Icar-real  time. I’his  paper inciu(ics



lCSLlltS fl’olll  :1 leCCllt dC1)10  f[)l a ] .]i~) WtlCXC SLIC}I
automalcd  data acquisition and processing, wcte
demonstrated and  Exllcr than 1-meter real-time knowledge
of the orbit was achicvc.d with both anti -spoofing, and
sclcclivc availability on.

‘1’his work shoLIl(l  bc of inlcre.sl to various govcrnmmt
agcncics, including NASA and the military, as wc]l as to
the ptivatc  sector, because it dcscritm configurahlc
aulomatcd orbit determination systen)s  utili7. ing GIN to
provide orbit knowledge, in real time to bctwccn 1 and
several hundred meters accur:icy,  depending on a number
of (icsign facto!s. ‘1’hc focus of the paper is on tracking
techniques which woLlld  bc viable for small spacecraft,
which arc expc.e.td  to dominate NASA’s low-l iarth
missions in the coming decade.

IN’J’I{OI)lJ(:’1’I{)N

I’hc (icvclopmcnt of low-cost satellite tlackin~  arlcl
orbit determination systems is currently receiving
incrcascd  emphasis in government agcncics such as LJ. S.
National Aeronautics and Space Administration (NASA),
the U.S. Air l;orce (U SAI~), the Navy, and also in the
private sector. A combination of factors is responsible ‘for
this rcccnt trend. ‘1’tlcsc incluckx

● A greater nulnhct of’ 1 J K)s will bc tracked by NASA’s
I)ccp Space Network (1 )SN),  which is operatd by the Jet
l’repulsion 1,aboratory (J1’1 .), while operations budgets fm
such activity arc not cxpcctd to increase.

● NASA is increasingly cn]phasi7.  ing the usc of smalltx,
Icss cxpcnsivc satctlites and flipht systems.

●  Colllllltll}icatiotls  satetlitc s y s t e m s  compristxi  o f
constellations of lJios arc being ctcvclopcd  in the private
sec[or.  An aatomatcd,  low-cost capability to maintaitl
constellation configurations and dctcrminc cphcmcrides
wil I bc needed to minimize opcrat ions costs.

● I’hc LISA}; is currently examining ways to lower the.
operations costs for tracking and mbit cle.termination in
the Air lkwce Satellite an(i Control Network (AFSCN).

● I’hc U.S. Navy is using low-l ial-th orbiting satellites fm
a variety of applications, sometimes requiring precise,
e.phcmcris  knmvlcdgc  in real time or near-real time.

III this paper wc shall discuss GPS-based flight (and
fligbt+gmund)  tracking systems where clata acc]uisition
and proccssinS  arc highly automated,  minimizing!,
operations costs. GI’S can provide real-time attitude
(lctclt~~itlzttiotl, tilning calibration, and orbit determination
at a t-angc of accuracies. .11’1.  rc.cmtly finishccl a demo of’
real time and near-real time. sut~-rnctel’ orbit dctcrnlinalio]l
for a 1 J 0 in a highly aut omatcct systcm, Results from that
dctno will bc show]] in this paper.

lX)VV’-ILARTI1  TRACKING TIWIINIQUIX

(4) ‘1’1 JRSS (“1’] acking l)ata and Relay Satelli(c Systcm)

(5) GI’S  tracking with ilip,ht instruments

(6) G1’S trackin~ with flip,ht+ground  instruments

G&&,

Fig. 1 a Traditional grouncl-hascd trackitlg  (Ihpplcr,
ranging, and anglr tracking data) with Iargc ground
antmnas.
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Nig. Jc GI’S-l)ascd  tracking with flight rcccivcr.

A number of’ diffcrc.nt 1 JK) tracking techniques arc.
currently being used by NASA, the U.S. military, and by
the privalc  scclor. ‘1’hcsc  include (I:ig. 1):

(1) l)opplct  and ranging from ground stations

(2) Angle data frot]~  ground stations

(3) Radar
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Nig. 1 d G1’S-hascd  tracking (flight+ ground rcccivcrs).

‘1’radilional ground-based tcchniqum  [(1 )-(3)] often
utilim  ground anlcnnas of sim - 5 to 30 meters. q’hc COSt
of opcratill~  such systems can range from a few hultdrcd
totif~scvcral  thousand cicrllars  pm hour. ‘l’his is (ILIC partly
to the size of the antennas, the complexities in scheduling
and pc.rt’orming t}w observations, ancl the. costs of data
processing. In the Uni(c(i  States, radar observations (3)
are processed  by the military (N ORAII)  and made
available through a dial-up bulletin brmrcl to outsictc use]s.
1 J 10s carrying ‘1’J )1<S transponders (4) raa bc. schcclulcd
for service 10 provide tclcmctry and mbit cictermination
supprrrl, ‘1’1)1{S is a gccrsynchronous  satellite system
maintained by NASA.

l’hc G1’S-based techniques I(5)-(6)] utilize data frmn
(Iw Global l’ositicming, System, a constellation of 24 Ail
Ikmc navigation satellites in 12-hr orbits. G1’S-bascci
tracking, is distinctly different in character fmm the. other
approacbcs  in SCVCI  al fundamcatal ways:

● G1’S data arc. wxluired with small, comtnercially
i and antennas, several inches in size.available rc.ccivcrs

The operational costs can be very low since GPS receivers
can run continuously and clo not normally require
commands, scheduling, or inputs from opcrat ors, in
contrast 10 the larger ground antenna systems [(1 )-(3)]. oa
(he other hand, projects must consider lhc initial cost of
procuring, Cil’S rcccivcrs. Ground receiver costs raligc
from - $0.5 K-$50K,  while flight r ccivcrs are available

fcommercially for -$ 100K-!$  10()()K  .

● ‘1’hc G1’S-based techniques pc.rform in(icpe.ndcntly  of the
nunlbcr  of users of the system, while the other tracking,
systems have reduced availability and ciegradccl
performance as the number  of users increases.

● Range of pcrforlnance options: the. G1’S tecllnic]ue,s offer
LIscrs a wide range of capabilities, as described below.

l!wfornmucc  Comparison

l;ig. 2 cx}lnpares traditional ground-based tracking
techniques (NOI<AI),  1- an(i 2-way I}oppler) aacl G1’S for

1 A number of companim offer, or have announce(i their
intention to of let-, flight CII’S  receivers. At the time this
paper was prepare.d, at least one had announced a fli~ht
qaalificd unit.

a 1,1;0 at abou(  600 klli altitude., ‘f ’he fl.gure. shows real-
time orbit dctermittation  knowledge typically available
from each technique, and is based on a combinatiotl of
actual results and cov:iriance analysis. The covariancc
studies depend in large part on ccrktin assumptions. It was
assum(xt that the 1- and ?-way I)opplcr ground data, or
the an~:lc data, could bc collected, processed, and tulncd
aroun(l in tcss than (I 1)1s, with mrl-time knowledge
provided by a predicted cphcl~lcris. liithcr  one or two
p,roun(i sites were assumcci, with 1-5 passes pcr (iay at
cacb site. ‘the angle ci:ita wcl-e assumcci  to have ran(iom
noise errors of 30-300”  m(icg. ‘]’hc satcli itc w{is assumed 10
have :1 ood on hoar(i osci iiator for the 1 -way 1 )oppler
(10- 1 ‘~$scc  ). NO](AI J (iata arc collcetcd an(i processcxi
b y  th( USA];,  with ti~e cphcmcricics then postcci  an(i
rctric~ cd by users aftct tim fact an(i a prc(iictc(i  orbit useci
for rc:ti-time knowied~,c.  (il’S rcccivcrs provi(ie rezli-time
positi(  ms at the 50- 100m levci every sccon(i. An impmvc(i
G1’S  systcm woul(i pmvicie  a sinlple f i l ter  to fit an(i
s~nrmlh data over sevet-al hrs to a day an(i then predict to
real-time. Not shown on the ptol are results for l’l JRS-
baseci orbit (ictc.rl~~it~:iliol~ for 1 JX3S.  ‘f ’l)l{S suppotts  real-
time Iow-liarlil  requilcmcnts  in tile range of 0.05-10 km,
cicpcn~iing heavily on the amount of cont:tct time with tile
1’1)1{S satellites anti on Ihc user mbit (R. l]ar[, Go(i(iald
Space lilight  (:entei, pl ivatc communicant ion, 1 995).

Some low/- liaItiI satrliilcs  have a ]ocation rc(iuirelnent
basc(i solely otl the nec(i to acquire the spacecraft with a
?,lroun{i antenna fol }m io(iic collllllll[lic:ltioll aa(i tcicmctry
exch[inge. l)epcnclinx  oti ti~c si7c of the groun(i  antenna
anti il.s beam size, Icai-titllc  knowle.cigc at the level of
sevcl;!l  knl woul(i  t)c adcq  L]atc for this purpose for S-ban(i
trackiag. Some satellites have a rcquircmcnt to follow a
lnore precise. specific g,lounci track or orbit fol-
surveillance, scientific (iata acciuisition, or to maintain a
satellltc  constcli:ition, l’hcsc more precise requirements
arc nlission spccifie  an(i may cat] for sub-1 ()() melt-w
knowiecigc, or even sub-lncter knowlecigc of the satcliite
trajectory  in real time or near-real t imc. in aci(iition, 1 J 0s
typic:l]ly require SOII)C  knowlecig,c of the. onboar(i clock
offset ancl knowlecip,c  an(i control of tile spacecraft
al(itu[ie in real or near-re.al time. In g,cncrat, attitude and
timit)g (iata arc IIot providc(i  by any of the tracking,
systelns  being cliscmssc(i  here except for G1’S, which
provides precise tilllill~ information an(i can, w’th

baJ>pr(lpriatc systc.l]l dcsigll, llr{)vi(ic attitll(ic illfortll:iti()rl .

2 Wh iie. this papcx focuses on mbit (ictermi  nat ion, tile
attitude an(i timiap, estimation capabilities of G1’S
ir~stltlt~~cl~tstlte.~il~ a(lv:illt~lge astl~cy ti~:lyct]:iblc
elimination ofothcron bwmi systcn~sf  orthcscfunctions.
thus lowcrins cost.

.“;
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Vig. 2 Rxpcclcd real-time performance for grom]d-basd  orbit dctmnination  of a low-ltar[h orbiter and for G1’S-
basd tracking. Omwvay  l)opplm  analysis assunws fairly high-qunlity  frcqowcy standard on board (10-1 O/{sw ).
Not plotted arc the results for “J’l)RS-based tracking. TI)RS provides orbit dctmnination  at the Icvcl of 0.0S to 10 km,
dqwuding  on tlw user rcquircmcnts am] the amounl  of TI)RS contact time available.

Satellite missions with relatively loose navigation
rcquircmcnts  can in princip]c rely cm NORAl)’s postc.d
cpbemctidcs  for their opctations.  “1’hc USAU  Ilas placed
solnc restrictions on tbc osc of this resource, however, a!d
as tbc NOl<Al) ballclin  board becomes increasingly
crmp,cslcd with user requests, additional restrictions could
bc placed on its use. la a(idition, NOl{AI) (iocs  not
guatantccs  tbc accuracy or timeliness of its ephemerides.
l;or missi{)ns wiliing  t o  accept  tbcse onccrlaintic.s,
NORA1 ) is obviously a very low-cost methmi of obtain ins
coarse location inlormalion abcml a space vcbicic. .

I’bc LISC of IMpplcr  (aaci  range) or angle (iata at
conventional ground tracking site.s can gc.nctally meet the
accuracy quitcmcnts  of mosl missions, at leas( in tbc
scvcrai hun(irml  nlctct  to fcw-knl rc.gime.  The cost  of
operations al tilcsc. groua(i tracking complcxcs  is fairly
hip,i),  however, in the range of hun(irmis  to tboosands of
doiiars pc.r hour for in(iivi(iaal antennas. liach satcliitc
tracking pass usually has unique. calibration and
configuration rcquirclncnts, rmiuircs  groomi operations
teams,  an(i must bc scbcciaicxi on a limitcct nambcr of
relatively large antcnnris  (5-30 meter sin). Tbc number of
1 ,Iios  tracked is cxpcctcd to clramaticaliy  increase in the
next tcn years, aI icast  for NASA missions ttackc(i by tbc

IJSN.  l’hc complexity of scheduling is not only an
inconvcnicncr  but also a significant oimrational  expense
itscif. and witimut allcrnatc twcking systems, additional
~routlci antennas atl(i co]ni)ic.xes wiil have to bc baiit, 11’1,
has btwn stadying,  this problcm  cxtcnsivciy with a goai of
investigating lowcl-cost tl acking options.

G1’S-basc(i  tracking tccbni(iucs  for navigation can
rtxiacc operations cosls since tbc positioning infmmalion
is available ml board, in real time, with little or no sioan(i
activity or inpat. As wili bc silown below, nearly ali the.
lmccssing  associatcci cvc.n with cxtrcmcly prccisc orbit
{ictcmninatirm witil a (ii% fright reccivcr + groun(i  net can
bc hi~:bly aatomatcxi. Flight (il’S-bmc(i tracking systems
arc c{ lnflgurahlc  at Id can be a(iaptcct  to provide accuracies
]atlgillg from i O cm 10 haacirc(is  of meters, using average
powcI  between abou( 10 watts (i own to Icss than 0.1 watt.
Some of these options arc (icscribc(i in the next section.
Standard positioning, selvicc  (S1’S) users of GI’S can
count on the policy of the U.S. govcrntncnt  as spccificd  in
t h e  “GI’S  Standa](i  l’ositioning  Scrvicc Signai
Specification” [1’ai~c I 993], where it is stated that GJ’S is
tbc 1X311’S  primary I a(iionavigation  systcm well into tbc
next ccntul-y, That Spc.cif’ication also states tim( all users
worl~iwi(ic  wili ha}’r available to them the Stan(iatci
l’ositioning Service (S1’S) which wiii provi(ic Ilotizontai
imsitioniag  accal-acy  within 100 mc.tcrs  (95% imbability)
and 1 S6 mctcrx vertical (95% probability), and timing
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accuracy within 340 nsez (950/0 pmbahi lily). In practice,
GI’S has proven to bc a very reliable system. GPS
rcccivcrs LIsLIally provi[k  sOlutiOns  every  second  and  they
work passively - no point in,g or schc(lal  iop, is ncc(itxl,
“1’he  cotnmonly  use(l omnidirect ional  GI’S antenna
plovides ample continuous visibility of G1’S satellites for
positioning and orbit clctcrlllill:ltioll.

[iI’S can rcdacc (or eliminate) much of the clcmand for
groLIn(l  antennas for tracking ancl navigation, but ground
an tennas  arc still ncccl ccl for (iata collllllllrlicatic)l~s
(tclctllctry).  llowcvcr,  new low-cost tclcmclry systcnls
being stadicd do not require. large antenaas at all. J1’1. has
rcccntly  demons t r a t ed  a  plototype I’clcmclry  ancl
l’racking Systclll which consists of a low cosl (<$2tX)k)
wcathel satellite groun(i tr:icking station with a small
(few-lncler) size antenna, l’hc purpose of the system is to
provide ullattcndc(l  and continuous retrieval of scic.nce
(iata tclctnctcrcd frol]l 1.liOs. I’hc clctnonstration  showed
that a workstation controlling the system can
automatically tr:ick and receive scicllcc tclcmc try flotn
specified earth orbiters during  overflights of the g,toond
station location, At) additional feature of this
dcmons[t ation was the automatic  distribution of the
downlinkcd  dala to t he  pe r sona l  cotnpater  of t h e
cognivant  l’rincipal  Science investigator, also via

comt~lcrcial p}~one Iincs [N. Golshan and W. Rafi’crty,
persot[al colllllll]tlicatiot~ 1994]. ‘l’he JI’I . prototype
tclctuttry  workstalioa  w a s  rcccntly dc.monsttatcd  wilh
aatonla tic ret! icval of NO1{A1)  cphcmcridcs for sate.llitc
acquisition.

‘1’hc NASA I’I)RS system also offers satellite ascrs a
space  based nmns of orbil determination (and telemetry
support) through 1 )opplcr and ranging with the. ‘1’1)1<S
geosynchronous sa(cllite.s. ‘l’he T1>RS transponder,
howclcr,  typically requires 20-40” w:ttts power and has
mass ~Jf about 7 kg, l’or very small satellites, these powcl-
and l~lass nutllbct”s may be difficult to accommodate.
l’l~RS satellites arc :ivailablc for limited times atld a
litnitc,i number of customers can bc scrviccd.  ‘1’hc Space
Shattlc and several classified users have a high priority in
the si”hedu]ing  of ‘1’I)RS  contact  t ime.  “1’hcrcforc,
schcd(lling is also a m:ijor  concern for usc of ‘1’1)1{S.

G1’S ‘J’RACKING SYS’1’KMS

G1’S-basccl tmcking systems for orbit (Ic(ett]]it);  ltio]l
offer ;l wi(ie range of configurations for low-cost, highly
autonlatcd  operations, in this section, these configurations
are cliscassed and st,nw resalts will be prcscntcd.

)’-___ .——
>
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V’ig. 3 Ihta processing flow for automated low-lhrth  orbit dctmmlination with G1’S ~l’O1’ICX/I)”s(’i(lotl),
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Ihg. 1 d shows lhc highest accuracy CTPS-1  .liO tracking
configuration. A ac(work  of groun(l  rcmivcrs and the low-
llarlh orbiliag flight rcccivcr  simultaneously track GPS
satellites. J]’]. has cfcvclopcd an automated system for
data retrieval and processing from the flight and grouncl
rcccivcrs.  “1’his systcm ti~as rcccntly  tcsteci w i t h  tile
l’ol’liX/1’cJsci(i{)ll  (“1’/1’) satellite at 1336 altitude over a
14-day period in the fall of 1994 as parl of an experiment
sponsored by the Nav:il Occanographic  Office. 11’ig.  3
shows the overall process for data collection and
proccssinp,.  .1J’1 ,’s GI1’SY-OASIS  II software  was used for
t h e  o r b i t  d e . t e r m i n a t i o n  (Ilertiger  et al. 1 994;
Mucl Ic.rschocn  ct al. 1994).

I’hc ground n e t w o r k  inc]u(ies  rcceivcrs  opcrati]lg
continuously as parl of the lntcl-oational  G1’S  Se.J vice
(IGS) described by Y,umbcrgc  et al. 1994. At 011 U“IC
J1’1 ,’s automate.d c.c)l~~tlltlr]icatior~s  sof[warc activates
several modems, which dial up a subset of the. 60+ IGS
sites and copy the G1’S  ground data fmm the previous
day. A few hours latel, inlernet connections are made to

4
sites where intcrnct is availab e and the previous day’s
data arc copic(i from tbosc sites- . in coordination with the
automatcxi retrieval of global ground CH)S data, the flight
(;1’S data fmm ‘1’/1’ for the previous day arc seat to J]’].
fmm NASA via the TI)RS systcm thtough White Saads,
NM, and the Goddard Space ldight  Center. CiPS fli~,ht
clata from T/1’ typically arrive at J]’]. 3-5 hrs after real
tin]c. ‘1’hc G1’S  data arc chcckc(i  and preprocessed to
remove oullicrs  and connect phase. Within several
minutes after the data have arrived at J1’I., by smoothiag
and least-squams fi[ting the C1l’S broadcast ephemerides
and the once pc.r scc re.al-time (accurate to 75 m) on board
navigation solutiol)s  from the ‘i’/I’ flig,bl G}’S  rcccive.1,
nolninal  et-bits fot- the G1’S satellites and for the 1 1X3
(’1’/1’) can bc determined. Mcasurcmcnt  lnodc]s and
partials  arc computed aa(i a square-root informalioa
(Kaimamtypc) fiitcr is run to perform a least squares fit to
the [;1’S i~scuciorangc an(i carrier phase. The filter solves
for mmc plccisc  (iI’S an(i 1,110 orbits simultaneously.
‘1’ypicaiiy two itcratioas  were pcrformcct for each (iaily
soiutioa  (iuling tile 14-ciay t e s t ,  ciuriag whicil anti-
spmfi  ng was on. ‘t’hc. cnt ire process was automateci with
an cxpcrl system relying primariiy  on UNIX utiiities (such
as c silcii, awk, an(i Se(i).  I’hc cxccutivc script runs each
porlion of tile software as the previous step is completeci.
“1’hclc  alc mat)y icvcls of buiit~jn  ciata checking, ciuaiity
control, an{i consistency checks. ‘i’ilc syslem is data cirivm
an(i runs continuously from onc (iay to the next, pausinp,
only to wait fot- tile arlivai of the next day’s data. Part of
tile systcm is (icsmibcci in Wu ct ai. 1993.

la aa earlier cxpcrimcntai  phase. of ‘i’/}’ G1’S
processing at JI’1., prccisc  solutions we]c typically
obtainc(i at Ic.ast onc week after real time. This was ciuc in
parI to the fact that onc goal of the prccisc  orbi t
(ictcrlnination  (1’01))  GI’S cxpcrimcn[ on T/1’ was to

3Notc that tile intcroct conncc(icms  arc ciclaycci several
hours in mic.r to reciacc hmiing on the J]’]. computers.
1 ‘or faster ciala tutlmroutxi, tile iotcrnct connections coul(i
bc schc(illic(i  earl icr with a (ic(iicatc(i cmnputcr.

achicl e best accul acy pmsiblc for the mdial componcnl  of
tile m I)it. ‘i’hcl  cforc it was {iesirablc  to wait for (iata from
at icast a ciozen si(cs  (mccntly it has bcca simwn that ti]c
resu]l~ improve with (iata from ’20 or more sites) an(i in
some cases (iata wcie I eproccssc~i  to improve orbit
qualit)’. I’he ]IIOS[  accurtitc GI’S soiutions  (ictcrnlinc(i for
l'/I'al Jl'l, are:tcc~ltatct ()ab()~lt2  ct~lr:idi:iiiy:  ii](i IOcm
in cross-  and (iown-ttack components (Wu et al. 1993;
l{crti~cret  ai, 1994). When anti-spoofing, was activated,
as it uascturing  liw 14-ciay autotnatcd  processing tcsl, tile
T/1’ flight reccivm  switcilc(i into 1,1-(YA mo(ic,  which
ciegra(icci the finai brst Cii’S-base(i  orbits to about 4 cn)
raciialtyan(i  15cn~ovetali  (Mllcliclscl~oc.t~et  ai. 1994).

h the 14-(iay  (ltlick-l()()k  Ciclll()llstr:lti() tl()f:llll()ll] ~itc(i
ploccwing,  the data processing began automatically when
a lnitlin~um of 5 sites (+ ‘1’/1’) ha(i (icliverexi (iata to J1’1..
I’hc quick-look orbits wm pro(iucc(i  and automatically
(ielivcre(i  clec{l()l~ic:lll yt~yJl'I,  t(>tt~cN:i\'ys 1~()l~s()rt~y  10
am local time (1’/:OO  LI’I’C)  fot- tile previous ciay. IIy
propagating tile olhits al)caci in time, imtil rc:li-tinw an(i
precii(te(i ephcmcri(im fol tilel, }io were ob[ainui.  liac.h
autolllatmi  ciaiiy soiulion (iuring Ihc i4-ciay t e s t  i)crio(i
spannd 27 hrs, witi) 3 hIs of overlap with the previous
ciay. onc measure of I)lccision  for the near-real time
autolllatc(i solutioas  is tile r m s  (ii ffcrcncc  bctwccn
a(ijamnt daily solutions duriag tile 3-hr overlap pcrimi.
I’hcsc  rms values arc ploltcci in l;ig. 4.
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h’igo 4 Ovcrlap  (3-hr) rms differences for daiiy
solutions in the 14-riay automated ‘J’C)l’ltX/J’{)sc’i(loll
near-real time orl)it ddcrmination  demonstration.

A comparison between the quick-look ‘1’/1’ orbits an(i
the final, precise (il’S-base(i  orbits also provi(ics a
lncasllre of t}Ic accuracy of the nutomate(i  quick- iook
orbits, since the finai G1’S-basc(i orbits have. been vcrificci
with inctepcn(icn( ]an~ing an(i l)oppicr  tracking (iata ao(i
been shows to bc acculatc to about 15 ctn (1<SS 31 ~) wi)cn
AS is on (Mucllil SCIIOCO  ct al. 1994). That comparison
in(iicatcs  that the quick-imk  et-bits for ‘1’/1’ froln  thr 14-
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day dcmo WCIC accurate to better than 25 cm, avcragd
over al[ 14 days, consiskmt  with liig. 4.

}{ach daily solution was propagated jnio the fotorc 5
days. Since tlw ~cncration of the crrhiis took less than 24
hrs, the 1 -(lay prcciictc.d cphcmcris compcnsatccl  for the
data tLllllaroLlnCi dc]ay at)d WVIS, ill effect,  a rca]-time orbit
estimate. These real-time estimates (l-day pre.clicts)
agrml with the. final,  precise.  orbits typically k) bct[cr thaTl
1 meter. ‘1’hc orbil predictions (out to 5 (lays in the fulurc)
at-e shown for ‘1’/1’ for the first six claily solutions of the
14-clay test (only six [instcacl  of the nine possible.] am
shown (iuc to a 1’/1’ Inancuvcr  near the end of the I 4-clay
pcriml)  in IJig. 5. ‘1’hus  the quick-look automated
pl occssing of (iata from ‘l’/l’ (plus a minitnal nombcr  of
ground sites) shows that sub-meter real-lime  orbit
estimation is feasible. The determination of accutacy in
IFig. 5 was a blind test, sinm the cluick-look  solutions wctc
dctcrlnincd  within several hrs of real time aocl WCIC.
rccotxlcd  days before the final, pl-ccise “truth” solutions
WCIC available. Note also, however, that the altituclc (1 336
km) of ‘J’/l’  minimized c.ffccts of drag and the I’/J’  project
dcvclopcd  and luncd an cxtrcmcly prccisc gravity field f-or
the mission. Othcr sate.tlitcs a{ Iowcr  altilocics  WOLIIC1
probab]y  have a somcwhal higher real-lime mbit error
LISitl~  this Im(iiclion  tCChlliq  LIC duc to higher errors  froto
gravily and drag. ‘1’hcse eou]d  be minilnizcd, howcvet,  by
turning the data alound faster to rcclucc the rcquirccl
prediction interval for real-time knowle.ctge.

ollL-~~~—t--t----t
0 1 2 3 4 5

Prediction interval (days)

Fig. S Qoick-hok  ‘1/1’ orbit predictions for six daily
solutions, cad]  propa~atcd  5 days into the fulurc.
.Sincc the data were proccsscd in ICSS than 24 hrs, the
1-day prcdids  provided real-tinw orbit estimates. Note
that 5 out f isolations showed sub-meter accuracy for
the l-clay prcclict  s(rcal-tim corbits).

C-o!! fig(!l:_f~L!.cl{ cccivcr Architc.c!llrcs

.spa~e~t’aft  and spa~ccraft  instlllnlenl  ~esi?,llcrs nlLlst
select from a continuunl of options that seek to balance
oft-conflicting pcrfortnance  and “cost” constraints.
I’ypically, the “costs” a[-c power consunlption, mass, as
well as actual cost of dcvclopmcnt,  fabrication, test, anrl
operalion.  .11’1, is investigating scv$rfll  GI’S receiver
architectures that arc readily  scal@blc  ancl offer a
coavcnicnt way of trading (Jff}>C)wcr/5ost/lllass  constrains
against n a v i g a t i o n  pcrfcrrmancc  rcqLlirell~cnts.
l’erforlll:tllccc:ill  refer to real-tilllc~)osilioll accuracy as
well as ultimate knowledge of the mbit which can be

gaiac{i throu~h inclusion of grounci network data and
post-l wocessing. ‘fhc archi tectures prcscntcd  hercill
ackire~s both clcfinitions. They are intcndccl  to offel the
space system clcsisncr a wide range of choice when
incluslcm of a flight G1’S rcccivcrisdcsircd.

‘J’llc simplest lcce.iver  architecture is illustrated in
]’igurl 6. It offers;~llitliz~ltttiz,c(l  rcceivcr w i t h  cxtrcmc]y  ‘t

i

low lmwcr consumption in exchange for rcduccd
i?lCCUtil Cy. This mduccd power is achicvccl  by only
collecting  very short lime samples of G1’S data a fcw
times pcr orbit, Wheli tllc optional Cil’S  pmccssoI is
included,  it lvoul(l  opct-alc  on these storc{l bits and
produ,.c a point position nf(cr each collcc(ion  time.
Altcrtlativcly, in excl}ange forcvcn  more simplicity and
lower power consuln})tion,  the on-boai-d processor can bc
eliminated and the SIOICCI  Cil’S  signal s:lt)~l>lcste.lel~]ctctc(l
to the ground for post processing, I’his option rcduccs
sJ)acccraft  aLltonomy, incrcasc,s  ciownlink  bandwidth
rcquitcments,  and intmluces  latency in orbit updates; all
of w’btch may bc acceptable for spacecraf[ with scvctc
powc] Imass limitations. in addition, this simple
archit(ctu t-c can of fel” :i ]owt”cmt,  backup mode (o any ,
flight lcceivcr; at atly little a s)mrt interval of antenna data
can bccapture.d  all(iclowrt]litlkc(i  tothegrounci  for analysis
and health asscsstncnl. ‘i’his architecture has not yet been
(Ictnotlstratcd,  but pcl-fotn~ance has been verified in
conlJ_ILllcr simulaliotl (l;i Ss. 7-8).

Hig.6. Nunctirmal  Block l)ia~ranl  of oltra.lowpowcr
archit(cturc

[
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Archit cct urc 1 )cscript ion Accuracy ]’owcr

1Jigiti2c, store,&  fc)rwill-clt(Jp,loLlt](l  -2.()()n~ <(). 1 w’

J)igitiyc, store, & prmwss -200” t]) <().5W

11 sJ>alsc(lata&fitto(Jtt~it -100111” -lW

l,] colltilltloLlst lat21,~>(Jillt] >c)sitiolls” S()-l()()m  -4w(c’

1,1 cot]tillLloL1s(  lat/l,f iltcr/i’it{)rl>it 1 ()-2() n) -4W (c:

].] H ,2 LT)ntitl LIOLIS+  ~,lolltld  tlet 0.1 t)) 6-8W c— .  — L
1~’ig.7 Comparison ofdiffcrenl  G1’Sftight instrument
architectures for performance and average power
[“(c)” denotes continuous power]. Accuracy is for rcal-
tilnc kllowlcdgc, cxccpt for the last entry.

}:ig, 71istslt~ce.ivelc  ()tlfigLir:iti( )t)sw  J}liclloflcra wide
range of pcrforttl:tt~cc/j  )owcr consumption con)promiscs.
Tt~c Llt)(lcrlyitlg atctlitcctllt’c fora]] t}lcsccol~figllrtltior)s  is
based on the geodc(ic qu?ility,  dual-frcqucocy  ground
rcceivcr  dcvclopccl  by J]’J,, which was the basis for
several flight rcceivcrs curt”cnt]y  in clcvc]opmcnt, A key

,. I
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advance in (I]c tccbnology  is the inclusioa  of Imwer
managmmnt t’calurcs in lhc receiver architecture, enabling
the rmeivc.r  to sclcclivcly  turn off various components
whca not ill usc to I-cdacc power consumption. 11 can also
vary the clock speed of the controlling n~icmproccssor
and lhc (Iata rate of the CJ1’S signal processor to meet a
specific pcrformallcc  goal with the minimum power
usage. l’cr unit costs for these options in };ig. 7 for fulurc

1ooo-

1oo-
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Case 1 Case 2

missi{~ns  could l-ange f r o m  a s  little as a  fcw tens  of
thous:ln~is  of clollats for (1]c simplest option (cligili7c,
store, and forwar(l) 10 }Iun(lrcds of thousands of &)llars  for
the 1 1/1.2 flight rcccivcr  - assutning  fully space
qualiflccl units. lixacl costs will depend on the rapidly
chanping  commclc  ial situation, bu[ tbcrc is a clear
rclat i(~nship bctwccn pcrformancc,  power rcqu ircd, and
(Iollal cost.

- —+--–-+7Store and process

Real-time process
\ \

Case 4

‘4\ , \ ,
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Case 6
l:icurc 8: Conll)arison  of Iow-llarlh orbit accoracs  for different Striitwks.  IMe I Corrwon(ls  to the Prccjscj  Post-fit
soj~ltion  for ‘J’/~ with G]%; cases 2-3 rcprcscnt thi dcmonstratd  rml-fimc  capability witfi autonlatccl  I)roccssillg with
minimal ground net plos  flight ‘1’/1’ l.1-C/A  code rcccivcr. Cases 4-6 have no grouncl data inc]udcd: case 4
incorporates extra filtering parameters to rrdocc errors fmn the fifth msc (state-only filter on board), and the last
(sixth case) includes only S minutes of data every 2 hours (sach a strategy could save power on a future mission).
Cases 1-4 arc from ‘l’/I’ cxpcrinwntal data, and cases 5-6 arc based on J]’]. tests and sinlulations r-an with data from
‘1’/1’  :ln{l from the Sfio-km altitodc  ‘1’AOS satellite. The higher crtor for the delayed processing (VCIWS real-time
processing) for case 6 molts fron~ additional dynamic error (drag, gravity) from the orbit prediction to real-time,
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l:ig. 8 sun]nlari?cs  the full range of Cil’S  configumtions
d iscusscd in this paper and cxpcc[ccl capahilit im. Cases 1
10 6 show increasingly simplificci  tracking and orbit
determination scenarios, all relying on Cil)S an(i all
c a p a b l e  of hci]lg,  highly ( i f  not  total ly)  autm)atcd,  The
e.xtrcme of case 6 wOLlld  have a very low-cost, sinll)le.
few-hundred gt am G1’S flight instrument (top entry iri

(Z I:ig.  7) with less than 0.1 w average. power mluircnlcllt.
$I)UC to the c clay in prmcssing,  this approach can lx

cxpcclcd  10 provide a fcw huncircd n]ctcrs accuracy in real
time, as opposed to - 100 m with inlmediate. processing.
Case 5 shows performance with real-time on board
solutions fronl a flight CTI’S rcceivcr,  while case 4
incorporates, in addition to case 5, a sitnp]c on board fiIIcI
to pCI-lOI-In  a running dynamic fit to improve ac.cutacy
Cases I -3 show tbc improvements resulting from the
incorporation of ground CT]% data. With such grounci  data
available in near-rca] tilnc electronically from cxistins
international consortiums such as the IGS (Y.umbcrge  et
al. 1994), the a(iciitionai cxpcnsc is minimizcci. JI’I .’s 14-
ciay quick-look demo with “1’/1’ shows how such
iwoccssing  can bc highly autom:itcd.

CON CI.USIONS

A variety of highly configurable G1’S-based low-l iarth
tracking systems arc bcillg studiccl at the Jet }’mpulsicm
1,ahoratory.  The G1’S-bascci systems all rely on solnc
form of (il’S fiigilt instrument, and for the ultra-pre.cisc
applications, can also incorporate data from ground CTI’S
Ieccive.rs. l’hc systcn~s  bcins  stu{iiecl and cicvclopcd at
J1’1. incorporate hi~h lCVCIS of autonlrrtion to minimize
operations costs. A rcccnt demonstration using 1,1-C/A
(il’S (iata from tim l’OI’li  X/l’osci(ioll  low-l;artb  orbilcr
simwc(i that real-time know]cdgc of t}~c orbit to bctlcr
than I meter is feasible in an automated GI’S  processing,
system without know]  c(igc of tbc sclectivc availability o]”
anti -simofin~,  cmics.  I’hc stu(iics also show that a trade
can bc made fot coarser accuracy with simpler, Iowcr
power, an(i Iowcl-cmt systems. A highly simplified, vcIy
lowicost  GI’S fright unit requires ICSS than 0.1 watt
average power an(i can provide a fcw hunclrcd meter real-
time knowledge of the 1.1;0 orbit with automated
processing. in bctwccn  these cxtrcmcs lies a wide range of
pmsibi i it its, some with all orbit cie.tcrlninat ion pcrformeci
on bomi  the sat cl]itc. ‘1’hc conti nuc(i cicvclopnlcnt of GPS
technology and related tracking, tccbniqucs  will cnahle
govct-nmcnt  and cummcrcial  organizations to suppml a
growing numhcr  of low-liar{b orbiters at 10WCI cost, while
at the same time reducing re.iiancc  on older, mmc
cxpcnsivc,  traditional methods of tracking, an(i orbit
(ictcrlnination.

I’ht work (icscl ibcci in this paper was carried out in
part b) the Jet l’repulsion 1,aboratory, California Institute
of Tcchnoiop, y, un(ier contt[ic( w i t h  t h e  Nationai
Aclon:lutics anti Slmcc. A(iministraticm. A portion of the
work was sponscmd by the Naval Occanograpbic office,
and wt. thank ill palticuial J. lllaha for his suppcmt.. ,
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